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ARTICLE INFO ABSTRACT 


The (1-x)LiIMnPO,-Li,Tix(PO4)s (x =0, 0.01, 0.05, 0.10, 0.15, 0.20) cathode materials are successfully syn- 
thesized through a solid-state method. The structures and electrochemical properties of the prepared 
samples have been characterized comprehensively. It is found minority phases containing LiTi2(PO.4)3 
and TiP207 were formed. The addition of Ti has obviously reduced the size of grains. Electrochemi- 
cal tests indicate that the discharge capacities of LiMnPO, samples can be significantly improved with 
the addition of Ti. Especially, the (1-x)LiMnPOx-Li,Ti,(PO,); sample with x=0.1 has the largest dis- 
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charge specific capacity, which is more than 131 mAh g~! at 0.05 C. And EIS tests!'demonstrate that the 
0.9LIMnPO,-Lig,, Tio.1(PO4)s sample has lower charge transfer resistance and higher diffusion coefficient 
than the pristine LiMnPO, sample. 


1. Introduction 


Olivine lithium transition-metal phosphates LiMPO, (M=Fe, 
Mn, Co and Ni), which are firstly reported by Padhi and Good- 
enough et al., have been intensively studied in the past few 
years [1-3]. The presence of the strong covalently-bonded P043- 
tetrahedral polyanion in the olivine structure can stabilized the 
three-dimensional (3D) framework, thus giving rise to good cycling 
performance and excellent thermal stability of LiMPO, cathode 
materials [4]. In this family of phosphates, LiMnPO, has higher 
Li* intercalation potential of 4.1 V versus Li*/Li and the theoret- 
ical energy density (701Whkg~!) is 1.2 times larger than that 
of commercialized LiFePO, (578Whkg—!). Moreover, the 4.1V 
intercalation potential of LiMnPO, is compatible with present non- 
aqueous organic electrolytes of lithium ion batteries. 

Unfortunately, some intrinsic disadvantages hinder LiMnPO, 
from its practical applications in lithium ion batteries. Because of 
the heavy polaronic holes localized on the Mn?* sites (the Jahn- 
Teller ion) and the interfacial strain between the LiMnPO, and 
MnPO, phase, LiMnPO, is subjected to poorer electronic conduc- 
tivity and lower lithium diffusivity than those of LiFePO, [5-7]. 
Consequently, these drawbacks result in its low discharge capacity, 
high polarization and poor rate capability. 
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Recently, many attempts have been made to improve the 
electrochemical performance of LiMnPO, cathode materials, such 
as carbon coating [8-10], particle size reduction and morphol- 
ogy control [11-14]. In addition, several groups have found that 
cation doping or substitution is an effective way to enhance 
the electrochemical performance [15-20]. For example, Wang 
et al. [15] investigated the properties of the cation substituted 
LiMnp 9Mo,1 PO4 (M = Fe, Ni, Mg, Zn), and the optimum performance 
improvement was achieved by Fe substitution. Hong et al. [16] syn- 
thesized a series of nanoporous LiFexMn,_,PO, compounds (with 
x=0, 0.05, 0.1, 0.15, and 0.2), and found LiFep2MnggPO4 showed 
the best electrochemical performance among all samples. Fang 
et al. [17] studied the effect of Zn doping, and a specific discharge 
capacity as high as 139 mAh g~! at 0.1C could be obtained for 
LiMno9gZNp.92POx4, but a too high level of Zn doping would reduce 
the reversible capacity of the material. From above results, it is con- 
firmed that the electrochemical performance of LiMnPO, cathode 
materials strongly depends on the rational cation substitution and 
the doping content. 

More recently, we note that many researchers have reported 
doping a small amount of Ti into LiFePO, can significantly enhance 
its electrochemical performance [21-23]. Under the inspiration of 
these successes of LiFePOy, it is speculated that it would be possible 
to synthesize Ti additive LiMnPO, with the greatly enhanced elec- 
trochemical performance. However, Shiratsuchi et al. [18] found 
that the performance of the sample with 1% Ti doping can’t be 
improved well compared with the undoped sample. We doubt that 


the Ti doping level (x =0.01) is so little that it doesn’t demonstrate 
the effect of Ti doping exactly and determine whether or not high 
Ti additive would enhance performance in their experiment. 

In this paper, to study the effect of Ti additive and find the 
optimum addition level, Ti additive LiMnPO, materials were syn- 
thesized through solid-state method. In the synthesis process, 
glucose was used as carbon source and reduction agent. We refer 
to the resulting materials as (1-x)LiMnPO4-LixTix(PO4)s5 in this 
manuscript. The physical and electrochemical properties of the 
materials have been investigated systematically in detail. 


2. Experimental 
2.1. Preparation 


CH3COOLi-2H20, NH4H2PO,4, (CH3CO0O)2Mn-4H20, TiO, 
nanopowders and glucose (10 wt% of the product mass) in a 
stoichiometric ratio of Li:(Fe/Ti):P=1:1:1 were mixed with an 
appropriate amount of ethanol and ground for 6h in a planetary 
ball mill under the rotation speed of 350 rpm. After that, the mix- 
ture was dried at 80°C to evaporate the ethanol, then collected and 
heated to 600°C in argon atmosphere at a heating rate of 5°C min7!; 
it was sintered for 4h to obtain the (1-x)LiMnPO,-LixTix(PO4)s5 
(x=0, 0.01, 0.05, 0.10, 0.15, 0.20) samples. 


2.2. Structure and morphology characterization 


The crystalline structures of the samples were characterized 
by X-ray powder diffraction (XRD), using an AXS D8 Advance 
diffractometer with Cu Ka radiation. The morphologies and 
microstructures were observed by field emission scanning electron 
microscopy (SEM) (S-4800, Hitachi) and high-resolution transmis- 
sion electron microscopy (HRTEM) (Tecnai F20, FEI). Elemental 
mapping was used to demonstrate the existence and distribution of 
composition elements in the as-prepared particles. The amount of 
Carbon was tested by using CHNS/O Elemental Analyzer (PE2400I1, 
Perkin-Elmer). The electrical conductivity was measured by the 
four-point probe meter (CRESBOX, NAPSON) 


2.3. Electrochemical measurements 


Electrochemical properties of the (1-x)LiMnPO4-LixTix(PO.)5 
electrodes were measured through electrochemical cells assem- 
bled in an argon glove box. Firstly, the paste was prepared by 
mixing active material (80 wt.%), Super P carbon (SP, 15 wt.%) and 
poly(vinylidene fluoride) (PVDF, 5 wt.%)) in N-methyl-2 pyrrolidi- 
none (NMP) solution and then coated on an Al foil using automatic 
film-coating equipment. After dried, pressed under 6 MPa, the 
resultant film was punched onto 13-mm diameter discs as cath- 
ode; lastly, the coin cells were assembled in an argon-filled glove 
box using Celgard 2502 as separator and lithium foil as anode. 1M 
LiPF, (dissolved in ethylene carbonate and dimethyl carbonate with 
a1:1 volume ratio) was employed as electrolyte. The coin-type cells 
were tested within a voltage range of 2.0-4.5 V using a constant- 
current-constant-voltage (CC-CV) protocol at various rates with 
potentiostatic steps at the cutoff potential on a cell testing sys- 
tem (LAND CT2001A, China). The cyclic voltammogram (CV) was 
performed between 2.0V and 4.5V using the Solartron 1400 cell 
test system with a scan rate of 0.1 mV s~!. The electrochemical 
impedance spectroscopy (EIS) measurements were carried out in 
a frequency range from 0.01 Hz -100,000 Hz with a voltage ampli- 
tude of 5 mV using the same facility. All the EIS tests were measured 
on the cells after 3-cycles test at 0.1 C. All the specific capacity was 
determined by subtracting the mass of carbon added in synthesis 
of (1-x)LiMnPO,-LixTix(PO4)s series samples. 
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Fig. 1. XRD patterns of the as-prepared (1-x)LiMnPO,-LixTi,(PO4)s samples. 


3. Results and discussion 


Fig. 1 shows the XRD patterns of the as-prepared (1- 
X)LiMnPO,g-LixTix(PO4)s (x=0, 0.01, 0.05, 0.10, 0.15, 0.20) series 
samples. For the pristine LiMnPO,, all the diffraction peaks corre- 
spond well to the orthorhombic LiMnPO, phase with Pnmb space 
group (ICSD #25834). For the x=0.2 sample, it can been seen that 
the phase peaks of LiTiz(PO4)3 (ICSD #95979) and TiP207 (ICSD 
#279581) exist in the XRD patterns. However, there is no obvious 
diffraction peak of titanium phosphates in the samples with low 
content of Ti (x<0.15). 

The carbon contents of the as-prepared samples were tested by 
total organic carbon analysis and listed in Table 1. The carbon con- 
tent of the x=0 and 0.01 samples are little higher than others which 
result in higher electrical conductivities contributed by carbon. The 
others have almost identical carbon content. Hence the enhance- 
ment in electrical conductivity mostly attributes to the titanium 
additive. The bulk conductivity of Ti additive LiMnPO, can improve 
with increasing Ti content. It is obviously seen that the x=0.10 
sample has the largest conductivity. However, the conductivities 
of the x=0.15 and 0.20 materials diminish, which may be due to 
the increase of LiTi2(PO4)3 and TiP207 phases. Consequently, the 
proper Ti content can be beneficial to improve the electrochemical 
performance of the LiMnPO, cathode material. 

Rietveld method was used to refine the X-ray diffraction pat- 
terns aiming to analyze the crystal structures of the samples, and 
the refined results are listed in Table 1. All the reliability fac- 
tors (Rw) are less than 10%, indicating that the fitting results are 
good. As shown in Fig. 2, the x=0.01 sample exhibits larger lat- 
tice volume values than the pure LiMnPO,. This is possibly because 
some Ti** ions substitute Li* sites, since the ionic radius of Ti** in 
octahedral coordination (0.068 nm) is larger than the radius of Li* 
(0.061 nm). Further increasing the content of Ti, the lattice volume 
values reduce slowly. It is supposed that partial Ti** ions tend to 
substitute for Mn2* on increasing the amount of Ti**. The lattice 
parameters can decline because the ionic radius of Ti** is smaller 
than that of Mn2*. The result conforms to that reported by Chiang 
et al. [24], they suggest that Ti** ions may occupy M1 (Li*) sites to 
form solid solutions without any impurity; or occupy M2 (Mn?*) 
sites with some impurities. 

Fig. 3 shows the SEM images of the (1-x)LiMnPO4-LixTix(PO4)5 
samples. All the samples have some degrees of agglomeration. 
Obviously, it can be observed that the Ti additive LiMnPO,4 sam- 
ples have the smaller grain size and uniform size distribution with 


Table 1 


The lattice parameters, carbon contents and electrical conductivities of the as-prepared (1-x)LiMnPOg-Li,Tix(PO4)s samples. 


Sample Lattice parameters Rw(%) Carbon Content(%) Conductivity (s cm~!) 
a(A) b(A) c(A) v(A3) 

x=0 6.1071 10.4529 4.7473 303.0529 5.92 2.76 2.9 x 10-5 

x=0.01 6.1090 10.4551 4.7477 303.2366 5.12 2.75 4.76 x 1075 

x=0.05 6.1074 10.4522 4.7470 303.0284 5.47 2.38 4.44 x 10-5 

x=0.10 6.1069 10.4533 4.7466 303.0099 6.79 2.35 1.90 x 1074 

x=0.15 6.1067 10.4526 4.7470 303.0052 6.87 2.32 3.29 x 10-5 

x=0.20 6.1070 10.4514 4.7471 302.9917 8.23 2.40 5.43 x 10-5 
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Fig. 2. The lattice volume of the (1-x)LiMnPOq.LixTix(PO4)s samples. 


increasing the content of Ti. The grain sizes of the pristine LiMnPO4 
are 50-400 nm (Fig. 3a). By comparison, the grain sizes of the sam- 
ple with the highest Ti content (x=0.20) are mostly 50-100 nm 
(Fig. 3f). The reduction of the grain size could shorten the lithium 
diffusion distance, which would enhance the electrochemical per- 
formance of the LiMnPO, cathode material. Besides, elemental 
mappings of PKa, OKa, Tika, MnKa and CKa in 4 corresponding 


to 0.9LiMnPO, Lip; Tip, (PO4)s sample were analyzed. These micro- 
graphs indicate that all the component elements in the particles 
were equally distributed. 

In order to precisely observe the phase compositions of the 
Ti additive samples, the 0.8LiMnPO,-Lig. Tip 2(PO4)s sample which 
has the high Ti content was used to test. TEM and HRTEM images 
of lager: and 0. 8LiMnPO,- Lio. 2Tig.2(PO4)s samples are displayed 
in Fig. 5. As shown in Fig. 5a and c, the prepared particles have 
been uniformly coated with carbon. The thickness of carbon layer 
is about 2 nm. The carbon coating on the particles surface not only 
can prevent the particles from aggregating, but also can improve the 
electrical conductivity of the samples. HRTEM was used to further 
study the microstructure of the as-prepared products. In Fig. 5b, the 
pristine LiMnPO, sample exhibits regular lattice fringes of the (011) 
crystalline plane with measured d spacing value of 0.432 nm. For 
the 0.8LiMnPO,.Lip 2Tio.2(PO4)s sample, two kinds of lattice fringes 
in Fig. 5d can be seen, one is the lattice fringe of LiMnPO, (interpla- 
nar spacing 0.352 nm, lattice plane (111)), the other is the lattice 
fringe of LiTi2(PO,4)3 (interplanar spacing 0.363 nm, lattice plane 
(113)). This further confirms that LiTi2(PO4)3 phase exists in the Ti 
additive LiMnPO, samples. 

The initial cyclic voltammogram curves of the samples between 
2.0 and 4.5V at a scan rate of 0.1 mV s~! are depicted in Fig. 6. 
All the samples have well-defined symmetrical peaks. As for the 
pure LiMnPO, (x=0), there is one redox potential peaks around 
4.36/3.92 V, which accords with the phase transition LiMnPO, and 
MnPO,. For the Ti additive LiMnPO, samples, other three redox 
couple peaks at 2.31/2.28 V, 2.43/3.2.41 V, 2.82/2.79 V can be seen. 


Fig. 3. SEM images of the (1-x)LiMnPO4-LixTix(PO4)s samples: (a) x=0, (b) x=0.01, (c) x=0.05, (d) x=0.10, (e) x=0.15, (f) x=0.20. 


Fig. 4. (a) SEM image of 0.9LiMnPOq-Lio,1 Tio.1(PO4)s and elemental mappings for (b) P, (c) O, (d) Ti, (e) Mn, (f) C. 
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Fig. 5. TEM and HRTEM images of (a, b) LiMnPO; and (c, d) 0.8LiMnPO4.Lio.2Tio.2(PO4)s samples. 
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Fig. 6. Cyclic voltammetry curves of the (1-x)LiMnPO4-LixTix(PO4) samples. 


According to Masquelier et al. [25] research, within the phosphate 
compositions, the potential raises from 1.5 to 2.6 V vs Li*/Li from 
LiTiPOs(Ti/P=1) to TiP207 (Ti/P=0.5), respectively. The average 
potential of the NASICON LiTiz(PO4)3 materials, is located around 
2.4-2.5 V vs Li*/Li. And the surrounding around Ti**/Ti?* can affect 
its redox potential. Hence, the two anodic peaks around 2.31 V and 
2.43 V could be ascribed to TiP207; the anodic peak around 2.82 V 
corresponds to extract the Li* from LiTi2(PO4)3 [26]. With increas- 
ing the content of Ti, the redox couple peaks that belong to titanium 
phosphates gradually become stronger. Therefore, it is believed 
that the excessive titanium tends to form TiP207 and LiTi2(PO4)3. 
We can conclude that the amounts of TiP207 and LiTi (P0O4); are 


so few that these phases aren’t obvious in the XRD patterns for the 
samples with low content of Ti (x<0.15); to further increase Ti con- 
tent (x=0.20), TiP207 and LiTi2(PO,4)3 phases can be observed. This 
well explains the phenomena in the XRD. Compared with the pure 
LiMnPO,, the polarization of the Mn3*/Mn2* redox potential for the 
Ti additive samples slightly decreases, indicating that the Ti addi- 
tive materials electrodes have an improvement in the kinetics of the 
lithium intercalation/deintercalation at the electrode/electrolyte 
interface and/or the rate of lithium diffusion in the film. 

Fig. 7a shows the first charge-discharge curves of (1- 
X)LIMnPOz,-LixTix(PO4)s samples at 0.05C rate. In all the cathode 
materials, the main charge/discharge potential plateaus around 
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Fig. 7. (a) The first charge-discharge curves, (b) cycling performances and (c) rate 
capacities of the (1-x)LiMnPO,.LixTi,(PO4)s samples. 


4.20/4.00V are attributed to insert/extract of Li* into/from 
LiMnPO,. For the Ti additive LiMnPO, samples except x = 0.01, there 
are three other plateaus around 2.79V, 2.40V, and 2.27 V, which 
should be ascribed to intercalation/deintercalation of Li* into/from 
titanium phosphates. The content of Ti is few in the x=0.01 sam- 
ple so that the three plateaus are not evident. These results are 
in consistent with cyclic voltammogram analysis. It can be clearly 


observed that the content of Ti greatly affects the electrochemical 
performances of the LiMnPO, samples. The specific capacity cal- 
culated in this paper is the capacity of (1-x)LiMnPO,.-LixTix(PO4)s 
sum total. Among these samples, the x = 0.1 sample shows the high- 
est discharge capacity of 131 mAh g~! at 0.05C rate. The initial 
discharge specific capacities of 126 and 122 mAh g~! sequen- 
tially decrease for the x=0.15 and x=0.2 samples, respectively, 
which should be due to the low theoretical capacities of TiP207 and 
LiTiz(PO,4)3. As shown, the plateaus of the titanium phosphates in 
the samples become longer with decreasing the Mn/Ti molar ratio. 

The cycling performances of all the samples are exhibited in 
Fig. 7b. It was measured through charging at the rate of 0.2 C and 
0.5C for discharging. It can be seen that all the samples show 
excellent cycle reversible capability. The discharge capacity of the 
pristine LiMnPO, is about 60 mAh g~!, which is higher than that 
of the pure LiMnPO, synthesized by Hong et al. [16] using solid- 
state reaction. Evidently, the Ti additive cathode materials exhibit 
higher discharge capacity than that of pure LiMnPO,. The discharge 
capacities for (1-x)LiMnPO,.-LixTix(PO4)s (0<x<0.10) show good 
cycling performance in 50 cycles, because there is an activated pro- 
cess during the cycling measurement of LiMnPO, until the capacity 
reaches a stable state and the quantity of titanium phosphates is 
little, which is not enough to impact on the cycle performance; 
particularly, the LiMno 99Ti9,19PO4 sample behaves stable cycling 
performance as well as the highest discharge capacity, and no 
capacity fade is observed even after 50 cycles; but the x=0.15 and 
x=0.2 samples exhibit relatively poor cycling performance possi- 
bly owing to the existence of much TiP207 and LiTi2(PO,)3. The rate 
capacities were also tested by the following procedure: charge- 
discharge at the same rates of 0.05C, 0.1C and 0.2C, and then 
followed by charging at 0.2 C and discharging with various rates of 
0.5C, 1C, 2C and 5C. As shown in Fig. 7c, the discharge capacities 
of all the modified samples apparently exceed that of LiMnPOy, at 
all the rates. The rate capabilities of Ti additive samples are also 
improved. The x=0.1 sample exhibits better rate capability and 
the highest discharge capacity under various rates. Even at a high 
rate of 5 C, the discharge capacity of O.9LIMnPO,-Lig 1 Tio,1(PO4)s can 
still keep 80 mAh g~!, which is approximate twice that of pristine 
LiMnPO,. Moreover, the x=0.01 sample shows relatively higher 
discharge capacities at high rates in spite of a little lower discharge 
capacity than the pristine LiMnPO, at low rate. From above results, 
it is deduced that adding appropriate amount of Ti can improve the 
electrochemical performance of LiMnPO,. The sample synthesized 
with 10% Ti is considered to be the optimum. 

Given the above, the O.9LiMnPO,-Lip;Tip.1(PO4)s sample 
exhibits remarkable electrochemical performance. In order to 
evaluate the diffusion coefficient of lithium ion, EIS tests were per- 
formed on the LiMnPO, and 0.9LiMnPO4_Lio,1Tio.1(PO4)s cathodes 
after 3-cycles test at 0.1 C. The Nyquist plots are shown in Fig. 8a. 
The spectra of LiMnPO, and 0.9LiMnPO,-Lig,;Tip,1(PO4)s show a 
semicircle at high-frequency region and a straight line at the low 
frequency. However, another semicircle appears in the high-middle 
frequency region for 0.9LIMnPO4-Lig1Tio.1(PO4)s, which is corre- 
lated with resistance of the SEI film. The semicircle’s diameter at 
high-frequency region on the Z’-axis represents the charge transfer 
resistance (Rct). It’s obvious that the charge transfer resistance of 
0.9LiMnPO4⁄:-Lio.1 Tig,1(PO4)s is much lower than the pure LiMnPO, 
sample. The straight line in low frequency represents the Warburg 
impedance related to Li* ions diffusion. The lithium ion diffusion 
coefficient can be calculated according to the following equation 
[10]: 


R?T? 
~ 2A2n4F4C202 
where R is the gas constant, T is the absolute temperature, A is 
the surface area of the cathode, n is the number of electrons per 
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Fig. 8. (a) Electrochemical impedance spectra of LiMnPO, and 
0.9LiMnPO34-Lio.1 Tio 1(PO4)s samples with the frequency range of 100KHz~0.01 Hz, 
(b) graph of Z’ plotted against w~ 1/2. 


molecule attending the electronic transfer reaction, F is the Faraday 
constant, C is the concentration of lithium ion, D is the diffusion 
coefficient of lithium ion. The plots of Z’ against w~ 1/2 are shown in 
Fig. 8b, and ø is the slope of the straight line: 


Z = 0w! (2) 


Through calculation, the diffusion coefficient is computed to 
be 1.57 x 10714 cm? s~! for LiMnPO, and 4.24 x 107! cm? s7! 
for 0.9LiMnPO4-Lio.1ı Tio.1(PO4)s, separately. Kang et al. [27] studied 
that creating a poorly crystallized layer with high Li* mobility like 
Li4P207 could facilitate Li* transport across the surface towards the 
(010) facet resulting in remarkable electrochemical performance. 
Accordingly, titanium phosphates may be not well-crystallized 
with high lithium conductivity, hence, the charge transfer and 
lithium ion diffusion can be facilitated, which is conducive to obtain 
good electrochemical performance. 


4. Conclusions 


The (1-x)LiMnPO,.LixTix(PO4)s (x=0, 0.01, 0.05, 0.10, 0.15, 0.20) 
cathode materials have been synthesized using CH3COOLi-2H20, 
NH,4H2PO,4, (CH3COO)2Mn-4H20, TiO, nanopowders as starting 
materials with glucose as the carbon source and reductive agent by 
solid-state method. Results of the tests reveal that LiTi2(PO,4)3 and 
TiP207 phases exist in Ti additive LiMnPO, samples. The samples 
with Ti addition exhibit excellent electrochemical performance 


compared to the pure LiMnPO, sample. Meanwhile, the electro- 
chemical performance is correlated with the content of Ti. The 
sample prepared with 10% Ti is considered to be the optimum. 
0.9LIMnPO4-Lig,1Tig,1(PO4)s shows the discharge specific capacity 
of 131 mAh g~! at 0.05 C, and no capacity fade is observed even after 
50 cycles at 0.5 C. The outstanding performances can be ascribed to 
the reduction of the grain size, the enhanced electrical conductivity 
and the increase of the lithium ion diffusion coefficient induced by 
Ti additive. 
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